Recent decades have witnessed the breakthroughs in utilizing electron beams as the smallest tools to tailor materials. Whereas, the manipulation of atoms in a controllable manner by the electron beams is a long-time challenge due to the random nature of atom-knock-on. Here, we show that electron irradiation can controllably manipulate atoms in newly-developed MXene multilayers. The multilayers consist of many few-atom-thick transition metal carbide slabs that are terminated with hydroxyl and O functional groups on each slab. Upon electron irradiation, the H atoms of the hydroxyl are knocked off, creating cation traps surrounded by dangling O confined in a nano-sized slit. Simultaneously, the transition metal atoms partially struck away from the carbide slabs migrate into the cation traps periodically, resulting in crystal restructuring. Crystal restructuring is versatile for various MXenes and dramatically improves the electric conductivity and lessens the anisotropy, holding significant implications in engineering MXenes at the atomic scale.
INTRODUCTION
Beyond the detrimental effect of electron irradiation on materials, the electron beam has been used to tailor their structure and property at various length scales (1) . Maybe one of the most impressive examples is electron-beam lithography for fabrication at the nanometer scale (2) . Recent decades' developments in transmission electron microscope make it possible to use ultra-small electron probes as a versatile tool to tailor the structure and property of low-dimensional materials at a scale down to single atoms (3) (4) (5) . It has been demonstrated that the electron probe could be used to drill nanopores, sculpture (6) and weld (7) nanowire, induce phase transformation (8, 9) and even manipulate the vacancies and doping atoms (10, 11) . Irradiating materials with electrons may also bring in structural reorganization like crystallization (12) and amorphization (13) . However, controllable crystal restructuring has rarely been implemented due to the uncontrollable nature of the atom-knock-on. Here we report a controllable and irreversible crystal restructuring method at the atomic scale in MXenes.
MXenes, of the formula Mn+1XnTx, where M is a transition metal, X is C or N, and Tx denotes surface functional groups, are a relatively young class of two-dimensional solids and have been used as electromagnetic interference shielding (14) , molecular sieving (15) , catalyst (16) , photoabsorber (17) , biosensor (18) , electrochemical energy storage materials (19) (20) (21) and laser technology (22) . MXenes are mostly produced by etching the A-group (generally group III A and IV A elements) layers from the MAX phases (23, 24) by aqueous HF, and subsequent sonication. The surfaces of MX slabs are typically decorated by O, OH and F functional groups. It is demonstrated that electron irradiation could trigger the migration of M atoms onto the surface of MXenes (25) and facilitate the homoepitaxial growth of new MXenes at 500 C (26) on the MXene single sheets, providing a new bottom-up synthesis method for MXenes. Noteworthily, only a small portion of the exfoliated MXene are atomically thin, most of the products are generally quasi-two-dimensional multilayers (Fig. S1A,B) with functional groups comprising H/O/F re-filled the atomic-scale gaps between MX slabs. Manipulating the structure of MXene multilayers is therefore of more scientific and technological importance. In this paper, we use the MXene multilayers as benchmark materials to demonstrate the proof-of-concept crystal restructuring by electron probe. (22 for Ti, 13 for  Al, 6 for C, 8 for O, 9 for F, 1 for H), the bright dots are therefore Ti columns. The stacking sequence of Ti is labeled as A/B/C in (A,C,E). The atomic model for Ti3AlC2, Ti3C2Tx and NH3-Ti3C2Tx along <112 ̅ 0> are illustrated in (G), (H) and (I) respectively, with Ti, Al, C, O and H being denoted by blue, yellow, black, red and green balls. F is not illustrated for brevity due to its low concentration. Purple balls in (I) illustrate the atoms (N, O) introduced into the Tx slabs by NH3 treatment.
RESULTS AND DISCUSSION
Pristine structure of MXenes. As the most intensively investigated MXene so far, Ti3C2-MXene is often prepared by means of selective chemical etching Al atomic layers from the layered ternary carbide precursor, Ti3AlC2. Fig. 1A ,B show the high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) images of Ti3AlC2 demonstrating a sandwich structure of Ti3C2 slabs (bright contrast) and Al layers (dim contrast). At the expense of removing the Al layers, the Ti3C2 matrix slabs are spontaneously terminated by functional groups (24) . We therefore refer the asprepared Ti3C2-MXene as Ti3C2Tx with Tx standing for the functional groups. The nominal composition determined by electron energy-loss spectroscopy (EELS) is Ti : C : O : F = 3 : 1.8 : 2.1 : 0.6, as shown in Fig. S2 . O exists as the form of hydroxyl and -O functional groups (Fig. S3) . Due to the surface functionalization of the Ti3C2 slabs, the c lattice parameter (c-LP) of Ti3C2Tx is somewhat dilated to 19.58 Å, which is 8% larger than that of Ti3AlC2 precursor (Fig. S1C) . By annealing Ti3C2Tx in NH3 atmosphere, referred to as NH3-Ti3C2Tx hereafter, N/O-containing groups were introduced into the gap between the Ti3C2 slabs (Fig. S4) . The nominal composition of NH3-Ti3C2Tx is Ti : C : O : N : F = 3 : 1.5 : 3 : 0.16 : 0.6 ( Fig. S4) with the c-LP further increased to 24.52 Å. The change in c-LP is straightforwardly demonstrated by the shift of (0002) peak towards lower angles in the XRD patterns (Fig. S1C) .
The atomic-resolution images demonstrate definitely that the thickness of Ti3C2 slabs in Ti3C2Tx (Fig. 1C,D) and NH3-Ti3C2Tx (Fig. 1E,F) are basically the same as that in Ti3AlC2, 4.90 Å, while c-LP changes significantly. The change of c-LP stems from the difference in the spacing of two adjacent Ti3C2 slabs, which is 4.40 Å, 4.80 Å and 6.80 Å in Ti3AlC2, Ti3C2Tx and NH3-Ti3C2Tx respectively. In addition to the change in interlayer spacing, the relative stacking of Ti3C2 slabs is altered. In Ti3AlC2, two adjacent Ti3C2 slabs have twin orientation relationship. Whereas such twin orientation is altered in Ti3C2Tx where Ti3C2 slabs are randomly shifted by 1/3<101 ̅ 0> (Fig. 1C) . Interestingly, the twin orientation is restored in NH3-Ti3C2Tx (Fig. 1E) where the Ti3C2 slabs are head-to-head stacked. Atomic configurations illustrating the stackings are provided in Fig. 1G ,H,I. Electron-induced atom-repartition. Fig. 2A -C present the HAADF-STEM images of one region in Ti3C2Tx after irradiated for 0, 0.6, 1.2 and 1.8 ms with an electron dose rate of 1.25×10 9 e -/Å 2 s at 300 kV. The nearly invisible Tx slabs exhibit appreciable intensities after 0.6 ms exposure of electrons, indicating that some Ti atoms in the Ti3C2 slabs migrate into the Tx slabs and periodically occupy the atop sites with respect to the outer Ti atoms in one of the two adjacent Ti3C2 slabs. Fig. 2D -F demonstrate the irradiation results of NH3-Ti3C2Tx. The enhancement of brightness of Tx slabs due to the redistribution of Ti is prominent as well but less evident than that in Ti3C2Tx. The intensity of an atomic column in HAADF-STEM image is roughly in proportion to Z 2 (Z is the average atomic number) (27, 28) . The accommodation sites for the coming Ti atoms in NH3-Ti3C2Tx are twice those in Ti3C2Tx as evidenced by the two bright atomic layers between the Ti3C2 slabs ( Fig. 2E,F) , the average intensity ratio between Tx and Ti3C2 slabs, I /I M in Ti3C2Tx is expected to be four times that in NH3-Ti3C2Tx for the same Ti out-migration rate. Agreeing with this analysis, the increase of I /I M with irradiation dose in Ti3C2Tx is averagely 5 times faster than that in NH3-Ti3C2Tx. This interesting difference in I /I M could be further dynamically confirmed in Supplementary V1. After 1.8 ms irradiation for Ti3C2Tx and 6.0 ms irradiation for NH3-Ti3C2Tx, the average intensities of Tx slabs reach ~80% of those of Ti3C2 slabs.
To more quantitatively demonstrate the difference in irradiation effect between these two MXenes, Fig. 3A plots the I /I M as a function of irradiation dose, solid spheres. The non-zero value of I /I M at the beginning is due to the unavoidable electron irradiation during the sample and microscope alignment. To estimate the Ti vacancy (VTi) concentration in the Ti3C2 slabs caused by the Ti-repartition between the Ti3C2 and Tx slabs, HAADF-STEM image simulations were employed with the imaging conditions used to obtain the dose dependence of I /I M . After that, the VTi under each electron dose is determined by comparing the simulated and experimental I /I M . Fig.  3B ,D present the composite images of experimental and simulated (inset) HAADF-STEM images of VTi≈0.2 in Ti3C2Tx and VTi≈0.3 in NH3-Ti3C2Tx with the model illustrated in Fig. 3C ,E respectively. The models were constructed on the base of the first-principles calculations detailed latter. Remarkable consistency could be observed except those marked by arrows wherein the intensity of Ti columns are weaker than others in the Ti3C2 slabs, indicating more VTi therein. The nonhomogeneous VTi is due to the damage of Ti3C2 during the etching (29) rather than the electron irradiation. The irradiation would not change the relative VTi concentration ratio between the outer and inner Ti columns in Ti3C2 slabs as suggested in Fig. S5 . The calculated VTi formation energies in the inner Ti columns is ~130% higher than that in the outer Ti columns. Therefore, it is much easier to form a VTi in the outer than the inner Ti column (29) . The outer Ti atoms in the Ti3C2 slabs migrate out first into the functional group slabs but the produced VTi therein will be compensated by the inner Ti atoms very quickly so that no difference in VTi caused by electron beam irradiation could be detected (Fig.  S5 ). As shown in Fig. 3A , 22% and 32% VTi were produced in the Ti3C2 slabs of Ti3C2Tx and NH3-Ti3C2Tx after 2.1×10 6 e -/Å 2 and 7.5×10 6 e -/Å 2 irradiation, resulting in a I /I M of 0.8. Notably, despite the tremendous repartition of Ti between Ti3C2 and Tx slabs, the stacking manner of the adjacent Ti3C2 slabs remain unchanged as shown in Fig. 2A-F . The newly coming Ti atoms reside the atop sites of the far Ti layers in the adjacent Ti3C2 slabs resulting in a stacking sequence of ABCaCBAcABC in Ti3C2Tx and ABCaaCBAccABC in NH3-Ti3C2Tx, where the capital and lowercase Roman letters denote the stacking of Ti atoms in the Ti3C2 and Tx slabs. It is worth pointing out that the ordered stacking sequence in Ti3C2Tx is extremely confined within two or three Ti3C2 slabs due to the turbostratic stacking nature compared to that of NH3-Ti3C2Tx (Fig.  S1D,E) . The electron-beam-assisted crystal restructuring was observed in Nb4C3-MXene and (Ti0.5Nb0.5)2C-MXene as well (Fig. S6 ) and could be easily realized at 80 kV (Fig. S7) . Three features can be summarized for the crystal restructuring. First, the out-hopped Ti atoms prefer to reside in the Tx slabs rather than the surface (Supplementary V2), which is in stark contrast to MXene single layer (25, 26) . Second, it is irreversible. Ti atoms migrated out into the Tx slabs never go back to where they were, the Ti3C2 slabs, even after one week (Fig. S8) . Finally, the restructuring process is highly dose-dependent, as shown in Fig. 3A . To uncover the mechanism and influence of Ti-repartition, density functional theory (DFT) calculations were employed for the most intensively investigated Ti3C2Tx. In Ti3C2Tx, hydroxyl and -O are the predominant components of the functional group slabs (Fig. S3) . Our previous calculations indicate that the Bernal configuration is energetically more favorable than the simple hexagonal configuration (30) , which is remarkably consistent with the HAADF-STEM images in Fig. 1C,D . Therefore, the Bernal configuration was used for the DFT calculation. The formation energy of VTi for the outer and inner Ti layers in the Ti3C2 slabs are ~5.9 eV and ~7.5 eV. The maximum energy transferred to a Ti atom from 300 kV electron beam is estimated to be 17.7 eV using the model in Ref. (31) , which is sufficient to generate VTi in the outer Ti layers first and then the inner Ti layers (32) . The question is where the out-hopped Ti atoms go? Fig. 4A plots the energy penalty of various Ti hopped configurations. Ti hopping into vacuum (TiA), into the functional group slabs (TiF, Fig. S9A ) or forming bulk Ti (TiB) results in an energy increase of 11.50 eV, 5.39 eV and 5.90 eV compared to the perfect structure, indicating the hopped Ti atoms are prone to stay within the functional group slabs of Ti3C2(OH)2. It is worth noting that H atoms should be knocked out from hydroxyl in Ti3C2(OH)2 because of its low atomic mass under the electron beam irradiation. Similarly, calculations were also made for Ti3C2O2, where the energy penalty for Ti hopping to the TiFa site in the functional group slabs (Fig. S9B) , the lowest-energy configuration, is dramatically decreased to 1.35 eV from 5.39 eV, suggesting that stay in the functional group slabs is significantly energetically favorable for the out-hopped Ti atoms and remarkably agreeing with the experimental observations (Fig. 2B,C and Fig. 3B,C) . Detailed analysis of the local structure around TiFa demonstrates that the hopped-in Ti bonds strongly with the dangling O, forming TiO6 octahedrons. In contrast, TiF in Ti3C2(OH)2 experiences strong repulsion from H atoms. The climbing image nudged elastic band method was used to search the migration barrier and transition state for outer Ti in the Ti3C2 slabs hopping to TiFa site in Ti3C2O2. As shown in Fig. 4B , the migration involves breaking Ti-C bonds and forming Ti-O bonds. The Ti atom migrates out the C3-O3 octahedron, gradually enters the O3-O3 octahedron through the hollow of three nearest O, and finally is trapped there and stabilized by forming TiO6 octahedrons with the dangling O groups. The elongation and breaking of the strong Ti-C bonds lead to an energy barrier of 2.02 eV, which is quite small compared to the energy transferred from the irradiation electrons.
The electronic conductivity is of vital significance for the variety of energy-storing applications. With Ti hopping into the functional group slabs the energy bands above Fermi energy are prominently shifted downwards (Fig. S10) . As a result, the density of states (DOS) of Ti, the major conductivity contributor (33) , at the Fermi level increases by 187%, suggesting a much better electronic conduction in Ti3C2O2-TiFa (Fig. 4C ). The energy bands along M-L in Ti3C2O2 are non-dispersive, indicating a 2D electronic conduction character (33) , while those in Ti3C2O2-TiFa are more 3D-like (Fig. S10) . Correspondingly, the Fermi surface vertical to the basal plane in Ti3C2O2-TiFa is snowflakes-like and show much more projection along c direction comparing to the cylinder-like Fermi surface in Ti3C2O2, as shown in Fig. 4D . The hopped Ti atoms increase the conductivity and lessen its anisotropy (33) of multilayer MXenes, which could facilitate their promising applications in electronic industry as energy-storing devices.
In summary, we demonstrate that MXene multilayers could be re-structured by electron beam irradiation. Under the irradiation, the loss of H provides dangling O groups and favorable periodical residing sites for the M atoms knocked out from the MX slabs. The repartition of M atoms rewrites the MXene crystal structure and the conductivity anisotropy. This intriguing approach is applicable to various MXenes with different constituent atoms and MX thickness (Ti3C2-MXene, Nb4C3-MXene, (Ti0.5Nb0.5)2C-MXene). It is acknowledged that the atomic spices in the functional group slabs play a significant role in the physical-chemical properties of MXenes. Our findings provide huge space to engineer the MXenes, a big emerging family of 2D materials.
MATERIALS AND METHODS Preparation of MXenes:
To avoid violent exfoliation, the porous Ti3AlC2 monolith was immersed in 6 mol·L −1 HF aqueous solution for a week at room temperature to produce Ti3C2-MXene. The resulting sediment was subsequently washed several times with deionized water and followed by vacuum filtration. The filtered sample was subsequently dried overnight at 60 C in an oven. Nb4C3-MXene and (Ti0.5Nb0.5)2C-MXene were prepared by similar processes using 20 mol·L −1 HF as etching agent. The etching time is six months and one week respectively. To prepare NH3-Ti3C2Tx , 0.5 g Ti3C2Tx powders were put into a quartz tube furnace. The tube was purged with NH3 twice and then heated to 400 °C at a rate of 10 °C·min −1 in the 100 sccm flowing NH3 atmosphere. After keeping for 1 h at 400 °C, the sample was cooled to room temperature under the protection of flowing NH3. Structural characterization. The phase component of the as-synthesized sample was examined by X-ray diffraction (XRD) (Rigaku D/max-2400, Tokyo, Japan) with Cu Kα radiation. Electron transparent foils were sliced from the MXene particles perpendicular to the basal plane on FEI Nova NanoSEM 450 (FEI, Oregon, USA) equipped with a dual-beam SEM/FIB system. Selected area electron diffraction patterns were recorded on a Tecnai G 2 F20. HAADF-STEM images and EELS spectrums were taken on a double-Cs-corrected FEI Titan 3 80−300 operating at 300 kV and 80 kV, using a collection inner semi-angle of 64 mrad and a convergence semiangle of 21 mrad. All the atomic-scale HAADF-STEM images were processed by masking diffraction spots in the fast Fourier transform of the original image and then back transforming using Gatan DigitalMicrograph TM , unless otherwise specified. QSTEM software (34) was used to simulate the HAADF-STEM images. In the beam direction, the structure was divided into slices with an approximately equal thickness of 1 Å. To account for the thermal diffuse scattering, the frozen phonon method was used, and the results were averaged over 30 frozen phonon configurations. The microscope parameters for the imaging were used for the simulation. The collection angular range of the HAADF detector was fixed to be 64~250 mrad respectively. The Ti and O edges in the EELS spectrums are nearly unchanged (Fig. S11,12) , thus the total amounts of Ti and O in the various models with different Ti vacancies in the Ti3C2 slabs and Ti atoms in the functional group slabs are kept the same. F is not considered in the simulation due to their low concentrations.
DFT calculation
The DFT computations were performed by using the plane-wave technique implemented in the Vienna ab initio simulation package (35) . The ion−electron interaction is described with the projector augmented wave method (36) . A 500 eV cutoff was used for the plane-wave basis set. The exchange−correlation energy is described by the functional of Perdew, Burke, and Ernzerhof (PBE) (37) . To take longrange interaction into consideration, the PBE-D method was adopted, where dispersion interactions are introduced by using DFT-D2 method of Grimme (38) . The geometry optimizations were performed by using the conjugated gradient method, and the convergence threshold was set to be 10 -4 eV in energy and 0.1 eV/Å in force. A 2 × 2 × 1 supercell with one Ti hopping was used to investigate the Ti migration in MXene multilayer. The Brillouin zone was represented by Monkhorst−Pack special k-point mesh (39) of 11 × 11 × 1 and 3 × 3 × 1 for Ti3C2Tx unit cell and supercell, respectively. Furthermore, the climbing image nudge elastic band method (40) was used to determine the diffusion energy barrier and the minimum energy pathways for Ti hopping in Ti3C2O2 multilayer. 9 e -/Å 2 s at 300 kV. To exclude the influence of Ti vacancies generated by HF etching, regions with the most homogenous intensity of Ti columns within the Ti3C2 slabs were chosen for analysis. It can be seen that the electron irradiation hardly decreases the ratio, indicating that the Ti vacancies produced by electron irradiation in the outer Ti columns are compensated by the Ti atoms in the inner Ti columns in a speed much faster than the temporal resolution of the microscope system. 
